The main goal of this study is to present an analysis of different heating methods frequently used in laboratory scale and in the industrial practice to heat blanks at warm temperatures. In this context, the blank can be heated inside the forming tools (internal method) or using a heating system (external method). In order to perform this analysis, a finite element model is firstly validated with the simulation of the direct resistance system used in a Gleeble testing machine. The predicted temperature was compared with the temperature distribution recorded experimentally and a good agreement was found. Afterwards, a finite element model is used to predict the temperature distribution in the blank during the heating process, when using different heating methods. The analysis also includes the evaluation of a cooling phase associated to the transport phase for the external heating methods. The results of this analysis show that neglecting the heating phase and a transport phase could lead to inaccuracies in the simulation of the forming phase.
Introduction
The automotive industry has made significant efforts in recent years to reduce the fuel consumption in passenger cars and consequently reduce the carbon dioxide (CO 2 ) emissions rates to fulfill the new environmental demands [1] . The adoption of light-weight materials, such as aluminium [2] and magnesium alloys [3] , allows the weight reduction in body-in-white. Therefore, the actual trend in this industry consists in replacing traditional mild steels by light-weight materials. Although these alloys present high-strength-to-weight ratio and excellent corrosion resistance, the formability of these alloys at room temperature is considerably low when compared with low carbon steels, which limits its widespread application [4] . However, the formability can be significantly improved by warm forming, since the increase of temperature leads to a decrease in the material flow stress and improves the ductility [5] .
Typically, the warm sheet metal forming process of lightweight alloys is performed in the temperature range of 200 to 350°C, below the recrystallization temperature to avoid microstructural changes. The behaviour of two Al-Mg-Si alloys during drawing was investigated by Ghosh et al. [6] at room and warm temperatures, concluding that the force-displacement evolution is strongly influenced by the blank temperature. Moreover, the formability (limiting drawing ratio) and ductility of these alloys is enhanced by the warm temperatures, as illustrated by Abedrabbo et al. [7] . Another advantage of warm forming processes is the decrease of the springback effects, resulting from the change of the stress state in the formed sheet [8] . The experimental and numerical study performed by Grèze et al. [9] shows that the stress gradient in a cylindrical cup wall decreases with the temperature, reducing the springback observed in the split-ring test. They conclude that the distribution of the hoop stress in the cup wall is the main factor influencing the springback mechanism in warm forming condition. In addition to the above-mentioned benefits, the stretcher lines arising in the AA5xxx series (Al-Mg alloys) due to the Portevin-Le Chatelier (PLC) effect vanish at warm temperatures, as highlighted in the experimental study performed by Coër et al. [10] .
In comparison with the conventional sheet metal forming processes, the warm forming requires an additional stage to increase the temperature of the blank before the forming operation. Two distinct strategies can be adopted for the heating process: (1) generate a uniform (warm) temperature in the whole blank or (2) apply a gradient of temperatures in the blank, i.e., increase the temperature in some regions and cooling others [11] . An example of the former strategy has been recently proposed by Hung and Merklein [12] using a laser system for local heat treatment of the blank in order to enhance its formability. However, since this heating procedure requires a deep knowledge of the interaction between mechanical and thermal effects on formability, the concept commonly used in industry is still the uniform heating of the blank [13] . Concerning this simple strategy, the heating of the blank can be carried out using two different heating methods: (1) external heating in furnaces, induction systems or direct resistance systems and (2) internal heating by conduction through heated tools on the press. The systems used in the external heating can be classified by direct and indirect according to the heat transfer mechanism [14] . The conventional furnaces are the heating systems commonly employed by the industry due to its high production flexibility and availability. On the other hand, on a laboratory or R&D scale the temperature of the blank is usually raised by internal heating by means of conduction with heated tools [15] . Nevertheless, this last procedure involves complex tool systems with high costs (electrical resistance heaters inserted at different locations in the tool), and can increase substantially the process lead time, eliminating the high productivity rates characteristic of the metal forming processes.
The temperature distribution in the blank immediately before the forming operation is a key point for the success of the warm sheet metal forming processes [6] . However, this heating stage is typically overlooked in the numerical modelling of the process, as well as the cooling of the blank that occurs during its transport to the press, in case of external heating [16] . In fact, the temperature of the blank is commonly assumed uniform at the beginning of the forming stage in the finite element analysis. Therefore, this study intends to improve the finite element modelling of the warm sheet metal forming processes by taking into account both the initial heating stage and the subsequent transfer period (air cooling), when considering external heating systems. In this context, the algorithm for the thermal analysis was implemented in the finite element code DD3IMP [17] , which has been specifically developed to simulate sheet metal forming processes. Its key feature is the use of a fully implicit algorithm of NewtonRaphson type to solve, within a single iterative loop, the nonlinearities related with both the mechanical behaviour and the frictional contact [18] .
The comparison between the different heating methods frequently used in warm forming processes is presented in this work. The transient thermal problem (blank heating) is analysed with the finite element method considering both conduction and convection mechanisms. The developed finite element code and the numerical model are validated with experimental results from a tensile specimen heated by Joule's effect (Gleeble system). Moreover, the heating stage for the warm sheet metal forming of an automotive B-pillar is presented in detail, comparing different heating methods through finite element simulation.
Heating methods
This section presents a review of different heating methods typically adopted in warm sheet metal-forming processes, both in laboratory scale as well as in industrial practice.
Furnaces
The heating process through furnace is the conventional method used in industry, where the heat can be generated either by fossil fuels or electricity [19] . The procedure consists in loading the blank into the furnace in order to raise its temperature up to the warm forming temperature. Since the blank is heated mainly by convective flow from the heat source, the furnaces are slow heating systems. Indeed, the final temperature of the blank is dictated by the exposure time and the temperature of the furnace. Since the ratio between exposed surface and volume is very high in metallic sheets, the temperature gradients between the core and the sheet surface are negligible.
The heating system adopted by Takuda et al. [20] in the warm deep drawing of an aluminium alloy 5182-O is the furnace. The forming tools (die and blank-holder) are heated together with the blank sheet until 250°C and then assembled into the press. This experimental procedure allows to avoid heat losses to the tools during the forming stage. The metallography of the austenitic stainless steel 304 after warm deep drawing was studied by Lade et al. [21] . They also heated the blank and the die using a furnace to carry out warm forming tests at temperatures on the range between 150 and 300°C. The mechanical characterisation for warm forming temperature of the magnesium AZ31 alloy sheet for was performed by Koh et al. [22] using a numerical inverse approach. The deep drawing of a cylindrical cup was the example selected, where both the blank and the forming tools, except the punch, were heated in an external furnace until reaching 280°C. Due to the heat loss to the environment during the moving and setting, the blank temperature decreases about 15°C in 5 s. The mechanical behaviour of three commercial magnesium sheet alloys was studied by Krajewski [23] at warm temperatures. The blanks were heated in a furnace on the range of temperatures between 200 and 400°C. Its temperature was measured immediately before the forming process and was about 50°C cooler than the temperature at the furnace exit, highlighting the heat losses to the environment during the movement of the blank to the press. In order to optimize the warm forming process in terms of production robustness and costs, Harrison et al. [16] present a non-isothermal method. Only the blank (5182-O aluminium alloy) was heated inside a furnace using an exposure time of 180 s to reach the warm forming temperature. After the heating process, the blank was moved to the press using a robot, consuming about 15 s in this operation. The heat losses for the tools were not avoided, in fact, they were intentional in order to obtain a non-isothermal condition after the forming stage.
Induction heating
The application of an alternating current in an induction coil generates a magnetic field, which induces eddy currents in electrically conductive objects located in the vicinity of the coil (Faraday's law). Consequently, this produces heat as a result of the Joule's effect [13] . The frequency and the intensity of the induced current, as well as the material properties (specific heat, magnetic permeability and electrical resistivity) define the heating rate of the body. Since the aluminium alloys present low electrical resistivity when compared with steel alloys, they require a longer heating stage to attain the same temperature [24] . Since the current density decreases exponentially towards the body centre, leading to a non-uniform current distribution within the body, the so called skin-effect is directly related with this heating system. This effect can be relieved by decreasing the current frequency. The thermomechanical properties of the aluminium alloy 7000-T4 were evaluated by Codrington et al. [25] at 260 and 480°C using a new induction heating apparatus developed by the authors. Takuda et al. [26] studied the flow stress evolution of a commercial magnesium alloy AZ31 at warm temperatures adopting an induction system to achieve the required temperatures. The mechanical properties of the magnesium alloy AZ31B at different temperatures and strain rates were investigated by Pellegrini et al. [27] using an induction heating system. The temperature range between 200 and 300°C was selected and a constant heating rate of 3°C/s was applied. In order to assure a uniform temperature field, the specimen was maintained at this temperature during 120 s.
Direct resistance heating
In case of the direct resistance heating, the blank is connected in series with a power source. The material resistance to the passage of current produces heat by Joule's effect. The heating rates are directly related with the current intensity and the material properties. In fact, materials with higher electric resistivity present larger resistance to the current flow, leading to a more efficient heating procedure. The main limitation of this heating system is related with its range of application, which is restricted to sheets with constant cross-section. The variation of the cross-sectional area in the current direction yields a nonuniform temperature along the blank, i.e., the temperature becomes higher for small cross-sectional areas and lower for large cross-sectional areas, respectively [28] . Mori et al. [29] presented a study concerning warm and hot stamping process using resistance heating. The experimental work was developed in a new apparatus which was developed by the authors, consisting in a press coupled with a direct resistance heating system. They achieved a temperature of 850°C in 1.5 s. Furthermore, they synchronised the press with the heating system to minimizing the heat loses, allowing to accomplish the forming operation 0.2 s after the end of the heating phase. Since the mechanical contact between the sheet and the electrode is not perfect and homogeneous, the generated temperature field is non-uniform in the contact area. This heating system provides high heating rates using a simple apparatus, being adequate for characterisation of materials at elevated temperatures. Das et al. [30] investigated the mechanical properties of a magnesium alloy AZ31 at warm temperature, using a Gleeble 3800 thermomechanical simulator. The tensile specimens were heated by direct resistance to 200°C and were held at this temperature during 1 min. The same thermo-mechanical simulator was used by Coër et al. [31] to study the influence of temperature on the mechanical behaviour of an aluminium alloy AA5754-O during plastic deformation. Ghosh et al. [6] presented a description of the behaviour of two Al-Mg-Si alloys during drawing and post drawing. The equipment used to perform the tensile tests was also a Gleeble testing machine.
Heating by conduction with heated forming tools
The heating of a blank with pre-heated tools is typically used in the warm deep drawing at laboratory scale. In this case, both the die and the blank-holder are pre-heated to the warm forming temperature [4] , while the blank is heated by contact conduction with the tools when it is clamped between the blank-holder and die. The tools are commonly heated by electric heating elements and the location of these elements depends on the set-up used. The main advantage of this process is to avoid the loss of heat during the transport stage, since the blank is already in the position to be formed [32] . However, a large amount of material volume (tools) has to be heated and the time required to achieve a uniform temperature of the blank might be high. This heating method is commonly used for attaining non-isothermal distributions on the blank [33] . Lee et al. [34] have studied the formability of an AZ31 magnesium sheet by experimental and numerical analysis. The square cup drawing is performed at various temperatures using a tooling system heated by cartridge heaters. Laurent et al. [8] focused on the warm deep drawing of an AA5754-O aluminium alloy, presenting a new experimental set-up designed to perform cylindrical cup forming tests. In this case, the blank was heated by thermal contact with the die and the blank-holder during 500 s to guarantee a uniform temperature in the blank. 
where ρ and c represent the specific mass and the specific heat of the continuous medium, respectively. The vector q k represents the conduction heat flux and q is the energy rate generation per unit of volume. The heat conduction flux is defined by the Fourier law of conduction, as follows:
where k is the conductivity tensor. Combining Eq. (1) and (2), the relation governing the heat conduction can be written as:
The classical boundary heat exchanges conditions comprise the heat transfer modes of convection and radiation. To model the convection boundary condition it is necessary to know the convection coefficient h c and the exterior temperature T ∞ in order to define the convection heat flux as follows:
The radiation boundary condition term is defined also based on a heat flux:
in which the h r is defined by:
where T sur is the surrounding temperature, ε is the emissivity of the surface and σ is the Stefan-Boltzmann constant.
Numerical implementation

Finite element discretization
Applying the principle of virtual temperatures to the strong form [35] , the general heat equation can be written in the weak form as follows:
The weak form is obtained by multiplying the governing Eq. (3) and the convection and radiation boundary conditions (Eqs. (4) and (5)) by an arbitrary virtual temperature distribution δT and integrating over the domains on which they hold. According with this principle, T is the solution of the temperature distribution in the body if and only if Eq. (7) holds for any arbitrary virtual temperature distribution δT that is continuous and satisfies the boundary conditions.
The finite element method involves the division of the volume V under consideration into finite elements. The temperature inside a finite element is interpolated using the shape functions and the temperatures at nodes, which can be approximated by:
where t f denotes the final instant of the process. Ν(x) and Ν s (x) are matrices containing the shape functions associated with the volume and the surface of the body, respectively. Thus, the discretized finite element equations for heat transfer problems can be written as follows:
where C is the thermal capacity matrix and K cond and K conv/rad are the conductivity and the convection/radiation stiffness matrices, respectively. Q and f are the vectors of heat generation and heat fluxes on the surface, respectively. These matrices and vectors can be expressed as:
where Μ=grad(N). The vector of internal heat generation (Eq. (13)) comprises the heat generated in the volume V by different sources such as electrical resistance heating or induction [36] .
Time integration method
In transient heat conduction analysis, Eq. (9) must be integrated over the time. Different time integration methods based on one or more time steps are available [37] . In this work, the method adopted is a one-time step method, often named the generalized trapezoidal method [38] . This time integration method can be deduced from the Taylor's expansion series, by neglecting the second and higher-orders terms and introducing a time weighting factor α varying between 0 and 1. Thus, the temperature field at instant t+Δt is obtained using the following equation:
Applying the definition of the trapezoidal method into Eq. (9), the following expression is obtained:
Depending on the value selected for α, the generalized trapezoidal method takes the form of well-known time integration methods such as, Euler forward method (α=0), Crank
À Á and Euler backward method (α=1) [39] .
Only the Euler backward is known to be unconditionally stable for non-linear thermal problems [40] , i.e. starting from a thermal equilibrium state at time t, it reaches a thermal equilibrium state at time t + Δt. Therefore, assuming (α =1), Eq. (16) takes the following form:
which is typically solved with the Newton-Raphson iterative method, guaranteeing the equilibrium in all increments. The non-linear system presented in Eq. (17) can be rewritten in a simplified way, as follows:
where K G and P t + Δt assume the following form:
and R t+Δt is the residue originated by the updating of K G and P t+Δt with the temperature distribution for the instant t+Δt.
The application of the Newton-Raphson iterative scheme involves the evaluation of the linearized system of Eq. (18), which is expressed by:
where the superscript i and the subscript t, which follow the vectors and matrices, represent the iteration number and the configuration where the vectors and matrices are calculated, respectively. The matrix K is given by:
The adoption of a fully implicit method (NewtonRaphson) presents the drawback of excessive computational cost, contrasting with explicit and semi-implicit methods such as Euler's method, Crank Nickolson's method and Galerkin's method. However, implicit algorithms guarantee the equilibrium in all increments, leading to stable results. It is recognized that most of the time spent by fully implicit methods is related with the iterative cycle [41] . Nevertheless, the computation time of the implicit method can be reduced using an initial guess close to the solution. Therefore a prediction/ correction algorithm type is proposed in this work to solve the non-linear heat problem. In the prediction phase, an explicit/semi-implicit algorithm (α<1) is used to solve the thermal problem combined with an r minstrategy to control the size of the time increment [42, 43] . The obtained solution is used to define the initial guess for the correction phase (α = 1). The predictor/ corrector algorithm is presented in Table 1 .
Numerical modelling of the heating systems
The conventional furnaces use a fluid medium (usually air) to heat the blank. The principal mechanism of heat transfer to the body in this case is the convection, while the radiation assumes a negligible role in the process. However, the accurate simulation of this heating process needs to take into account radiation through a combined radiation-convection heat transfer coefficient h conv/rad [43] . Therefore, in this study, the combined coefficient is adopted, where the fluxes can be determined using:
The heating mechanism in the direct resistance process is the Joule's effect. Its numerical modelling is performed using an internal heat generation per unit volume, which is accomplished in the vector of heat sources Q (Eq. (13)). This heat source can be defined through the Joule's first Law, given by:
where V is the volume of the body, I is the current intensity and R is the electric resistance of the body's material. The simulation of an induction heating system has to take into account the inherent shortcoming of non-uniform heating due to the so-called skin-effect. In this system the current flow is concentrated in the vicinity of the surface. The thickness of this region, called skin depth, is dependent of the electric current frequency and can be calculated from the relation [44] :
where f is the frequency, ρ r is the resistivity of the body's material, μ r is the magnetic permeability of the material and μ 0 =4π×10
H/m is the constant called permeability of the free space. The modelling of this heating system requires the definition of the skin depth region, in order to introduce the internal heat generation in that region. The heat generation rate can be evaluated from Eq. (24) since the heat is generated by Joule's effect. Nevertheless, this equation needs to be affected by a factor of 0.87, since it is estimated that only 87 % of the induced current is located in this region [45] .
The heat exchange between the forming tools and the blank involves complex thermal interactions. Since the contact between bodies is not perfect, a difficult aspect to model this process is to define the fraction of the surface effectively in contact. Typically the heat transfer by contact is modelled assuming a boundary condition analogous to convection, defining a conductance heat transfer coefficient h cond . Thus the heat fluxes in the contact area can be determined with the following equation:
where T ∞ represents the temperature of the tool. The process of heating by conduction with heated forming tools is modelled in this study by considering a heat flux between the heated tools and the blank.
Numerical examples
This section presents two examples of metallic sheets heated by different heating systems. The first example involves the direct resistance heating of an aluminium alloy sheet, procedure typically used in thermo-mechanical testing systems. The numerical results obtained with the developed finite element code are compared with available experimental data. The second example comprises the numerical simulation of the heating phase required for the warm sheet metal forming processes. The different heating methods presented in Section 2 are numerically compared considering an automotive B-pillar as example.
Direct resistance heating using a Gleeble system
The Gleeble heating system was selected for the first example due to its simplicity and widespread application in studies devoted to warm forming. The numerical simulation of the temperature evolution and distribution on the specimen heated with a Gleeble 3500 system is presented. The obtained numerical results are compared with the experimental ones presented by Coër et al. [31] . They have used this heating system to perform tensile tests of an aluminium alloy 5754-O sheet at warm temperatures (see Fig. 1a ). The geometry of the specimen (1 mm of thickness) used in the experimental set-up is presented in Fig. 1b . The specimen was heated in the experimental procedure until attaining 200°C (central point-TC1), which corresponded to a heating time of about 13.4 s. Due to geometric and material symmetry conditions (Fig. 1) , only one eighth of the model was simulated. The tensile specimen and the copper grips were discretized as a single body using isoparametric eight-node linear hexahedral finite elements, as shown in Fig. 2 . The distinction between the specimen and the grips was performed in the numerical model assigning different thermal properties to each region. The temperature of the specimen was recorded in the experimental set-up using four thermocouples equally spaced (6 mm) along the specimen axis, as illustrated in Fig. 1b . The finite element mesh was generated in order to create nodes in the same positions (see Fig. 2 ). The Gleeble testing system heats the sheet by direct resistance using an electrical control scheme, which changes the applied current intensity to achieve a target temperature in the centre of the specimen, measured with a thermocouple (TC1 in Fig. 1b) , for the time designated by the user [46] . The numerical modelling of the heat generated by electrical current was carried out in this study through an energy rate generation in the volume of the specimen (Eq. (13)), which was evaluated in each increment to try to guarantee a constant heating rate. The numerical temperature T c , evaluated in the position of the thermocouple TC1, was compared with a pre-defined temperature T p , in order to define the vector of heat generation using the predictor/corrector algorithm ( Table 2 ). This pre-defined temperature T p was calculated in each time instant, based on the prescribed heating rate.
The grips of the Gleeble system were water-cooled during the heating process. In the present study, the heat loss to the grips was modelled applying a high convection coefficient in the top surface of the grip, which was a procedure also adopted by Kardoulaki et al. [46] . The value of the convection coefficient used was 1,000 W/m 2 /°C, with a temperature of 22°C for the T ∞ in Eq. (4). Additionally, the heat loss by convection to the environment was taken into account using a convection coefficient of 40 W/m 2 /°C and air temperature of 22°C, as suggested in [26] . The thermal properties of the aluminium alloy 5754-O and the copper grips were assumed as temperature-independent and isotropic and are given in Table 3 . The temperature distribution on the specimen, as well as on the grips, is presented in Fig. 3 . The water-cooling of the grips leads to a thermal gradient in the specimen caused by the heat removed from the grips. In fact, the temperature of the grips is approximately uniform (22°C) during the heating process of the specimen. The comparison between the experimental temperatures measured with the thermocouples and the numerical prediction is presented in Fig. 4 . The numerical results are in good agreement with the experimental ones, particularly for the positions related with the thermocouples TC1 and TC2. Moreover, the numerical results can be exactly fitted by a quadratic equation, as shown in Fig. 4 , which is not observed in the experimental data. This difference can results from the influence of temperature in the material thermal properties, which was not taken into account in this model.
The transient thermal evolution of the specimen, recorded using four thermocouples and predicted with the finite element model is presented in Fig. 5 . The temperature evolution is approximately linear for all points analysed, i.e., presents a constant heating rate. Besides, the numerical results are in good agreement with the experimental ones, in particular for the thermocouples TC1 and TC4. In order to highlight the difference between them, a detail view of the global evolution is also presented in Fig. 5 , for the last 3 s. The maximum difference between them is about 3.5°C, which occurs in the thermocouple TC3 for the last instant (increment).
Heating phase of an automotive B-pillar
The comparison between the four heating methods mentioned in Section 2 for the warm sheet metal forming was applied to an automotive B-pillar. This example was proposed by Audi as benchmark in the conference Numisheet 2008 [47] . The blank geometry was adapted for the present study to obtain a constant cross-sectional area, allowing the use of direct resistance heating method. The dimensions of the rectangular blank are 1,090×400×1.95 mm, as shown in Fig. 6 . The blank has been discretized with eight-node hexahedral finite elements, considering 100 finite elements in the length direction and 40 elements in the width direction. Concerning the number of layers of finite elements through the thickness, it was dictated by the induction heating system, which requires the definition of the skin depth for the sheet. Thus, the blank thickness was divided in 6 finite elements, leading to a structured mesh with 24,000 finite elements, where the element size was adjusted according to the thickness of the skin depth region. The aluminium alloy 5754-O was the material adopted in this study, with the thermal properties presented in Table 3 .
The same potency of 32 kW was used for all heating systems. Accordingly, the convection heat transfer coefficient was calculated for the furnace, while the internal heat generation was determined for both the direct resistance and the induction system. In case of heating the blank with the tools, a conductance coefficient of 1,400 W/m 2 /°C [20] was adopted and the tools were considered isothermal during the process.
The induction heating system was considered only in the vicinity of the blank top surface (face inductor) and was assumed that the surface was uniformly exposed to the current induced by the coil. Therefore, the skin depth region was located immediately below the top surface with a constant thickness. Furthermore, in order to analyse the influence of the skin-effect, two different frequencies for the power source were selected, 20 and 10 kHz. These frequencies correspond to skin depths of 0.82 and 1.16 mm, respectively. The skineffect has a pronounced effect for aluminium alloys due their magnetic properties. In fact, the aluminium and its alloys are included in the class of paramagnetic material that is known for a relative magnetic permeability slightly greater than 1 (μ r >1) [24] ; for this reason, it is interesting to study this effect.
For the direct resistance system the contact between the electrodes and the blank was assumed perfect, eliminating any thermal gradient in this area. This assumption does not interfere with the results due to the high conductivity and the low heat capacity of the material, which mitigates possible Table 3 Thermal properties of the specimen and grips materials [8, 50] thermal gradients resulting from the defective contact between the blank and the electrodes.
Since the induction and direct resistance heating processes are typically carried out at ambient temperature, the finite element model considers the heat loss by convection to the environment. A convection coefficient of 40 W/m 2 /°C and a temperature of 22°C were used. The heating of the blank inside the forming tools requires a more complex approach to model the convection phenomenon. Figure 7 presents a schematically representation of the tools geometry, showing the region delimited by the tools, which is subject to heat loses for the environment. Although this interior area is identical for the top and bottom surface of the blank, the heat loss rates are different due to the favourable situation of the top surface for buoyancy force moving the air from the surface. Thus, different convection coefficients were determined for the top and bottom surface of the blank, based on the empirical equations determined by Lloyd et al. [48] :
where Ra L is the Rayleigh number calculated for the properties of the air evaluated at 22°C (temperature assumed for the environment). The convection coefficients determined with Eqs. (27) and (28) Figure 8 presents the thermal response of the blank for each heating process (furnace, induction and direct resistance systems). Since a uniform temperature field was observed along the process for these three heating systems, the temperature evolution was collected on the centre of the blank (point B in Fig. 6 ). This is a consequence of the high thermal conductivity and low heat capacity of the aluminium blank. The results confirm that the use of a furnace in these conditions is the most time consuming option, due to the heat transfer mechanism inherent to this heating system. The other two systems are more efficient, but it has to be highlighted that direct Fig. 4 Comparison between experimental and numerical temperature distributions along the specimen length Fig. 3 Temperature distribution in the specimen and grips for the heating process using a Gleeble system (complete model) resistance presented the highest heating rate. The decline on efficiency of the induction system was caused by the increase of frequency. The skin-effect is an important drawback inherent to the system and its control is important to minimize the loss of efficiency. It has to be mentioned that the heat loss for the environment in the direct resistance and induction systems was relative less importance than the heat supplied by the systems, causing irrelevant losses for the system efficiency. The distribution of temperature on the blank heated by the forming tools is presented in Fig. 9 for different time instants. As expected, the area of the blank in contact with the forming tools shows the higher temperatures. This is highlighted in Figs. 10 and 11 , which present the temperature distribution for the nodes located in section AA and section BB (Fig. 6 ), respectively. The area which was not in contact with the tools shows the lowest temperatures, revealing that the heat losses for the environment are very important for this specific heating method. The temperature evolution for the points A, B, C and D (see Fig. 6 ) is presented in Fig. 12 . The temperature difference between the points C and A, evaluated in the final instant of the process when the stationary temperature distribution was achieved, was about 30°C. Therefore, when using this heating method it can be important to model the heating phase, in order to take into account the thermal gradients observed. However, these thermal gradients can be experimentally avoided if the process elapses with the entire blank isolated in a temperature-controlled environment. Induction 32kW-10kHz Fig. 8 Comparison of the blank temperature evolution for different heating processes: furnace, direct resistance system and induction system with different frequencies 
Results and discussion
Temperature distribution after the transport for external heating methods
After the heating phase, the external heating methods require a subsequent transport phase from the heating equipment to the press. This transport operation is not standardized and has a duration that depends of the set-up. Hence, it is interesting to verify the response of the heated blank to boundary conditions expected for this phase. For numerical simulation of the transport phase it was only considered the heat loss for the environment, neglecting any possible losses resulting from the contact with the carrying tools. Thus, only a convection term was considered for the boundary conditions. A convection heat transfer coefficient of 40 W/m 2 /°C and a temperature of 22°C were assumed in order to simulate the air-cooling effect.
The heating and the transport phase were performed in a single simulation process. This allowed to consider the temperature field of the heating phase as initial condition for the transient thermal problem of the transport phase. The temperature gradients within the blank may be neglected, because the conduction resistance is small compared with the resistance to heat transfer between the blank and the surrounding air. Based on that, the temperature on the blank can be determined using the lumped capacitance method [49] , which allows the determination of the temperature within the blank:
based on the initial temperature T i and on the area of the blank surface exposed to the air A s . The evolution of blank temperature only for the transport phase is presented in Fig. 13 , evaluated by finite element method (numerical) and by Eq. (29) (analytical). The numerical results are in very good agreement with the analytical ones, which indicate a reduction of about 13°C after 7 s of exposure time to the conditions aforementioned. This reveals that heat losses during the transport process should be considered, when a material with temperature-dependent properties is considered in a forming process simulation. The assumption of imposed temperature as the exact temperature before the deformation process can be a source of inaccuracies, compromising posterior results. In the warm forming process set-up, this heat loss could be compensated with an overheating. However, it has to be mentioned that the increase of temperature during the heating phase can be detrimental for the material. Therefore, it would be necessary to determine accurately the precise time for the transport phase, before calculating the overheating needed to achieve the exact warm forming temperature, for the time instant before the start of the deformation. In order to balance the heat loss during the transport phase, the initial temperature to assure 250°C after the transport phase can be determined. This can be done by solving Eq. (29) for the variable T i . The initial temperature to assure 250°C after the transport phase is also presented in Fig. 13 , taking into account the transport time.
Conclusions
This paper presents a summary of a finite element formulation, developed to simulate the heating and transport phases involved in warm sheet metal forming processes. An analysis of the state-of-art heating methods was presented, including temperature distribution and the heating time necessary to achieve the warm forming temperature. This analysis reveals abrupt thermal gradients for the blank heating inside the tools in the end of the process, which are usually ignored in the forming simulation process. For the external heating methods, the furnace was the most time-consuming process. However, if the objective is to achieve a uniform temperature this heating system as well as the others external systems are the best options. The transport phase for the external heating methods was also studied revealing that high heat losses occur in the initial instants of this phase, which could be balanced with an overheating. Nevertheless, a preliminary analysis is necessary to evaluate possible detrimental effects on the material, resulting from the overheating.
A novel algorithm for the prediction of thermal fields observed in a specimen tested on Gleeble system was presented. The results from the finite element model were compared with experimental results. Despite the several simplifications assumed in the model, the numerical and experimental results were found to be in agreement.
